Abstract
Introduction
Olanzapine is a widely used second generation antipsychotic (SGA) drug for the treatment of schizophrenia with a low propensity for neurological side effects [1] . However, it is frequently associated with serious metabolic side effects, such as dyslipidemia and insulin resistance (IR). Weight gain is frequently observed with olanzapine treatment in pre-clinical studies and in clinical settings [2] [3] [4] . However, the risk of metabolic side effects such as IR may be independent of weight gain [5] . Numerous studies have documented metabolic changes in the absence of substantial weight gain in clinical patients [6] . Furthermore, studies with healthy subjects showed that treatment with olanzapine caused significant metabolic impairments in the absence of weight gain [7] [8] [9] [10] . Despite this body of evidence, the mechanisms underlying olanzapine-induced dyslipidemia and insulin resistance remain elucidated.
The fatty acids (FAs) in particular are highly associated with obesity, IR, and type 2 diabetes [11] [12] [13] [14] [15] . Several lines of evidence suggest that FAs are involved in the pathogenesis of IR via a reduction of insulin sensitivity and the promotion of pancreatic beta cell apoptosis and dysfunction [16] [17] [18] . Different FAs have distinct effects on insulin sensitivity, beta cell function andtissue inflammation [19] . In particular, n-6 polyunsaturated fatty acids (PUFAs) and saturated fatty acids (SFAs) (especially arachidonicacid and palmitic acid) can be viewed as proinflammatory molecules, whereas n-3 PUFAs (especially eicosapentaenoic acid and docosahexaenoic acid) can be viewed as anti-inflammatorymolecules [20] .
The FA profile in blood partly reflects dietary FA intake, but it is also strongly determined by the endogenous FA metabolism [21] . The D5 desaturase (D5D) and D6 desaturase (D6D) catalyze the rate-limiting steps in the conversion of linoleic acid and α-linolenic acid into longchain n-6 and n-3PUFAs, whereas the stearoyl-CoAdesaturase-1 (SCD1) is required for the conversion of SFAs into monounsaturated fatty acids (MUFAs) [22] . By introducing a double bond into the FA chain, desaturaseenzymes have important consequences on thechemical structure of FAs and subsequently on their function. In fact, the activity of all three desaturaseshas been implicated in the development of certain metabolic diseases such as insulin resistance and type 2 diabetes [23] [24] [25] .
The FA profile can be used as an indicator of disease risk [26] . An altered FA profile and estimated activities of desaturases have been associated with insulin resistance, type 2 diabetes [27] , obesity [28] , hypertriglyceridemia [29] and cardiovascular disease [30] . Free FAs concentrations are decreased following olanzapine treatment in clinical and animal studies [9] . However, previous basic and clinical studies also suggest that antipsychotics may augment PUFAs biosynthesis [31] . To our knowledge, there has not yet been an evaluation of the effect of chronic olanzapine treatment on the metabolic parameters and FA profile in Balb/c mice or human. Therefore, the primary aim of the current study was to establish, for the first time, the plasma FA profile in Balb/c mice after chronic treatment of olanzapine and to assess their associations with insulin resistance.
Material and Method Animals
Twenty 8-week female Balb/c mice weighing 20-25g (Huafukang, Beijing, China) were purchased and maintained under a 12-hour light/dark cycle (lights on at 08:00 h) at 22±1˚C. Animals were housed individually and allowed free access to food and water. Prior to the experiments, animals were routinely acclimated (>1 week) tolaboratory conditions to reduce potential stress effects during experiments. The animal facilities and protocol were performed in accordance with the guidelines of the Chinese Council on Animal Care and approved by the Institutional Animal Care and Use Committee of the Tongji Medical College, Huazhong University of Science and Technology (Permit Number:XH-B20150422). The number of mice was theminimum necessary to obtain significant results and inagreement with the triple R spirit for reduction of the number of animals used. Body weight was routinely recorded. Mice were anesthetized by isoflurane (Sigma, USA) and sacrificed at 9:00 am after 8 weeks of olanzapine treatment. Blood was collected into EDTA-coated tubes and plasma was isolated by centrifugation at 1,800×g for 10 min at 4˚C. All samples were stored at -80˚C until further analysis. All efforts were made to minimize suffering.
The primary study endpoints were the fasting insulin level and the homeostatic model assessment of insulin resistance (HOMA-IR) index. The secondary endpoint was the oral glucose tolerance test (OGTT).
Drug
Mice were randomly assigned to two groups: the OLA group and the control group. The OLA group received olanzapine intraperitoneally (10mg/kg/day) in the morning (08:00-08:40h) for 8 weeks, while the control group received drug vehicle. All injection volumes were 10ml/kg.
Olanzapine (Sigma, USA) was dissolved in0.1 N HCl in distilled water, adjusting to pH 6.0 with 1 N NaOH, and adding distilled water to reach the desired concentration. Vehicle was similarly pH-adjusted, distilled water. The solutions were stored at 4˚C and protected from light degradation. At the time of drug administration, body weight was measured.
OGTT
OGTT was performed on the last day of the chronic treatment. Mice were food restricted for 14h prior to the OGTT. Mice received olanzapine one hour prior to the start of the OGTT. During the OGTT, basal blood samples and glucose measurements were obtained and then glucose was given via oral gavage (1.5g glucose/kg). Blood samples were collected via a tail snip at 30, 60, 90, and 120 min and glucose levels were determined. Blood glucose levels at 30, 60, 90, 120 min were determined via a tail snip method. Individual glucose measurements at the 5 time points during the OGTT were integrated to generate a single area under the curve (AUC) value.
Plasma glucose and insulin
Fast glucose concentrations were determined using a hand-held glucometer (One Touch Ultra). Fast insulin levels were measured using commercially available kits (ELISA, Crystal Chem Inc., IL, USA) according to the manufacturer's instructions. All analyses were performed by a technician blinded to treatment.
Insulin resistance
To determine insulin resistance in mice, we calculated the HOMA-IR index on the last day of every week. This equation takes into account the product of both fasting levels of glucose 
Fatty acid analysis
The plasma FA profile was determined by gas chromatography with a previous derivatization to their corresponding fatty acid methyl esters [31] . Briefly, fatty acids were trans-esterified and analysed using a TSQ 8000 gas chromatography system (Thermo Fisher Scientific, USA). Fatty acid identification was based on retention times of authenticated fatty acid methyl ester standards (Sigma, USA). Results were expressed as weight percent of total fatty acids (mg fatty acid/100mg fatty acids). We calculated total SFAs, MUFAs, n-3 and n-6 PUFAs. Desaturase activity was estimated indirectly using FA product/precursor ratios [32] . D5 Desaturase activity was calculated as the ratio of C20:4n-6/C20:3n-6, D6 Desaturase activity was calculated as the ratio of C20:3n-6/C18:2n-6, and SCD1 activity was calculated asthe ratio of C18:1/C18:0.
Statistics
All data are expressed as the mean±SD. To calculate statistical significance, Student's t-test was used because our hypothesis is to test differences between two groups, the OLA group and the control group. The relationship between plasma FA composition, estimated desaturase activities and fasting glucose, insulin, HOMA-IR was determined by Spearman's rank order correlation analysis. For allanalyses, statistical significance was determined at a P<0.05. Analyses were performed with SPSS version 15.0 (SPSS Inc.,Chicago, IL, USA).
Results
Mice in the OLA group exhibited a significant elevation in fasting glucose and insulin levels after 8-week treatment of olanzapine. In addition, a significant increase was evidenced in HOMA-IR index, suggesting an insulin resistance state in the OLA group. However, no significant change in body weight was observed after chronic olanzapine treatment compared to the control group (Table 1) . After 8 weeks of olanzapine treatment, we challenged animals with an oral glucose tolerance test (Fig 1) . The OLA group displayed significantly elevated fasting glucose and insulin levels after 14h of food restriction. Glucose levels were significantly increased compared to the control group throughout the OGTT. Additionally, the AUC was significantly increased by chronic olanzapine treatment (16.56mmol/L vs 25.59mmol/L, p<0.001), suggesting decreased whole-body insulin sensitivity. These results (detailed in S1 Data) demonstrate that chronically olanzapine administration induces insulin resistance without the change in body weight in mice. Plasma FAs composition are shown in Table 2 .The plasma total SFAs (32.18% and 29.21%, p<0.001), and total n-6 PUFAs (29.34%and 26.10%, p<0.01) were both respectively higher in the OLA group compared to the control group. However, total MUFAs (34.60% and 40.88%, p<0.001) were significantly decreased in the OLA group compared to the control group. Total n-3 PUFAs showed no significant difference between two groups. In the OLA group, we observed increased palmitic acid (C16:0) and heptadecanoic acid (C17:0) levels when compared to the control group (20.29% and 18.74%, 0.70% and 0.52%). Linoleic acid (C18:2n-6), γ-linolenic acid (C18:3n-6), and dihomo-γ-linolenic acid (C20:3n-6) were statistically significantly increased in the plasma of OLA group as compared to the control group (22.1% and 19.46%, 0.55% and 0.47%, 1.26% and 0.90%), while eicosadienoic acid (C20:2n-6) was significantly decreased (0.77% and 1.01%). Moreover, in the OLA group myristoleic acid (C14:1), pentadecanoic acid (C15:1), palmitoleic acid (C16:1) and heptadecanoic acid (C17:1) were significantly decreased compared to the control group (0.09% and 0.14%, 0.02% and 0.03%, 4.72% and 6.85%, 0.39% and 0.44%), whereas nervonic acid (C24:1) was increased (0.07% and 0.05%). Our results (detailed in S1 Data) showed significantly decreased plasma activity of D5 desaturase and increased plasma activity of D6 desaturase in the OLA group compare to the control group. However, the plasma activity of SCD1 was similar in both groups. Table 3 shows significant associations between FA proportions and estimated desaturase activities and fasting glucose, insulin levels and HOMA-IR in the OLA group (detailed in S1 Data). In the OLA group, plasma palmitic acid (C16:0) composition and dihomo-γ-linolenic acid (C20:3n-6) were positively correlated with insulin and IR, but not with glucose. Plasma heptadecanoic acid (C17:0), pentadecanoic acid (C15:1) and linoleic acid (C18:2n-6) were inversely correlated with insulin, but not with glucose or IR. Plasma nervonic acid (C24:1) was inversely with glucose and IR, but not with insulin. For estimated desaturase activities, D6 desaturase was positively associated with insulin and IR, whereas SCD1 was inversely associated with insulin and IR. D5 desaturase showed non-significant associations with glucose, insulin and IR.
Discussion
The current study showed that chronic olanzapine treatment induces a significant increase of fasting glucose and insulin levels and insulin resistance in female Balb/c mice without weight gain. Mice in the OLA group showed higher levels of total SFAs and n-6 PUFAs and lower levels of total MUFAs than those in the control group. Particularly, the levels of FAs (C16:0), (C17:0), (C24:1), (C18:2n-6), (C18:3n-6) and (C20:3n-6) were higher, and the levels of FAs (C14:1), (C15:1), (C16:1), (C17:1) and (C20:2n-6) were lower in the OLA group compared to the control group. In contrast, the levels of total n-3 PUFAs showed no significant differences between the two groups. We also found that palmitic acid (C16:0), dihomo-γ-linolenic acid (C20:3n-6) and D6 desaturase were associated with an increase probability of IR, whereas nervonic acid (C24:1) and SCD1 were significantly associated with a lower IR probability. Previous work has demonstrated that chronic treatment of SGAs frequently induces excessive weight gain and obesity in schizophrenic patients and animals [33] . However, in the present study we observed no significant weight gain in mice following chronic olanzapine treatment. In agreement with our results, Karen L.Teff et al [10] reported that olanzapine causes significant elevations in postprandial insulin, glucagon-like peptide 1, and glucagon coincident with insulin resistance in the absence of weight gain in healthy subjects. Moreover, decreased body weight has previously been observed in rats following chronic olanzapine or paliperidone treatment at specific dose [34] . Furthermore, numerous reports have documented hyperglycemia and new-onset type 2 diabetes in the absence of substantial weight gain inSGAtreated patients [6] .
In the present study, we showed that chronic olanzapine treatment significantly increased total SFAs and decreased total MUFAs. Additionally, palmitic acid, the main contributor of total SFAs, was significantly increased and positively correlated with IR, in agreement with recent studies showing associations with impaired insulin sensitivity [35] [36] . Many epidemiological reports suggested that diets high in saturated fats are associated with insulin resistance and an increased prevalence of type 2 diabetes [37] . In particular, elevated levels of SFAs induce inflammation, which results in insulin resistance via several pathways involving diacylglycerol-mediated protein kinase C activation or Toll-like receptors [38] [39] . On the other hand, data are emerging which support that monounsaturated fatty acids have protective effects against saturated fat mediated toxicity [38] [39] [40] . Moreover, cultured cells incubated in high concentrations of saturated fatty acids exhibited impaired insulin signaling [41] . Interestingly, the addition of a monounsaturated fatty acid, such as oleate or palmitoleate, to palmitate in the incubation media can attenuate the deleterious effects of palmitate on insulin signaling [38] . The significant difference in the SFAs proportion between the OLA group and the control group that we observed was small(median 31.58% vs. 30.21%). However, the significant difference in the MUFAs proportion was obvious (median 35.70% vs. 39.88%). The biological relevance was unclear. It is possible that the deleterious effects of a high saturated fatty acid profile may be predominately mediatedvia impairments in other tissues (e.g. adipose, liver, vascular) and/or secondary to resulting pro-inflammatory/stress responses in these other tissues. Moreover, our results suggest that the higher proportion of SFAs and lower proportion of MUFAs in the OLA group may be caused by endogenous transformation of SFAs to MUFAs, as the calculated activity of SCD-1 was slightly lower in the OLA group.
At an exploratory level of significance we also found higher levels of the essential fatty acid linoleic acid (C18:2n-6) and total n-6 PUFAs in the OLA group. These n-6 PUFAs are linked to inflammatory signaling, insulin resistance and type 2 diabetes risk [42] . Therefore a linoleic acid (C18:2n-6) poor diet might have the beneficial effect of less arachidonic acid (C20:4n-6) production and anti-inflammatory eicosanoid synthesis [43] . In the current study, we found no significant difference in n-3 fatty acids between the OLZ groups and the control group. Consistent with our findings, Robert K. McNamara et al. showed that chronic treatment with olanzapine and quetiapine did not significantly up-regulate plasma indices of n-3 PUFAs biosynthesis [44] . Also in agreement with previous reports, n-3 PUFAs were not associated with the worsening of hyperglycemia or the risk of insulin resistance [36] .
The FA profile in blood and tissues partly reflectsdietary FA intake, but it is also strongly determined bythe endogenous FA metabolism. The fatty acid-modifying enzymes for which connections to insulin resistance and type 2 diabetes have been shown include D5 desaturase, D6 desaturase and SCD [22] . Clinical studies have found that chronic treatment with risperidone or olanzapine significantly increase plasma indices of D6 desaturase activity [45] . Similarly, our results showed that chronic treatment of olanzapine significantly stimulated the activity of D6 desaturase. Moreover, the activity of D6 desaturase was found to positively correlate with insulin resistance, which was in agreement with previous studies [26, 46] . Our results also exhibited that chronic olanzapine treatment significantly decreased the activity of D5 desaturase. However, we did not observe significant difference in the activity of SCD1 between the two groups. Although correlations between the activity of D5 desaturase and SCD1 and insulin resistance were shown in previous studies [22, 26] , we were unable to reproduce these observations, probably due to the different study animals.
Recently, it has been postulated that potential alterations in the metabolic pathway of PUFAs synthesis could constitute a fundamental trigger in the initiation and propagation of metabolic abnormalities, such as IR [26, 47] . Numerous previous studies reported that SGAs medications up-regulate long-chain PUFA biosynthesis in rats [44] , and PUFAs reduce SCD1 mRNA expression at the level of transcription and mRNA stability [48] [49] [50] . SCD1 is of particular interest because it is the rate-limiting step in the transformation of pro-inflammatory SFAs to MUFAs [22] . In the present study, we also found that chronic treatment of olanzapine significantly increased n-6 PUFAs. Additionally, total SFAs was increased and total MUFAs was decreased in the OLA group. As SCD1 is the rate-limiting step in the transformation of SFAs to MUFAs, it is important to account for PUFAs in future antipsychotic studies. It is therefore possible that, at least in part, the side effects of chronic olanzapine treatment maybe related to changes in the n-6 PUFAs. Future studies with larger samples and different antipsychotic medications are needed to address this important question.
This study has three notable limitations. First, olanzapine has a shorter plasma half-life in rats (~2.5h) than in humans. However, previous studies showed that 15 days of i.p. olanzapine at 6 mg/kg body weight in rats produced a mean plasma concentration of 12.0±4.9 ng/ml at 3h after the last daily dose, which is comparable to the plasma concentration (above 9 ng/ml) that had a greater likelihood of clinical response [51] . Moreover, numerous reports showed that chronic daily treatment with olanzapine induced significant changes in adiposity and lipid metabolismin female rats [34, 44, 52] . Nevertheless, without the plasma olanzapine concentration data it remains possible that greater changes in FA profile may have been observed with a different mode of administration. Second, this study examined the insulin resistance in mice with OGTT test rather than clamp technique, which is the "gold-standard" technique. However, Heidi N. Boyda et al showed a high degree of correlation between results obtained with the GTT and the HIEC in rats treated with SGA drugs [53] . The OGTT test in this study may predict, at least in part, the insulin resistance state in mice. Third, due to the limitation of the lab, we put animals in adjacent rooms. However, throughout the experiment mice were treated in the same way, except in adjacent rooms. Nevertheless, in view of experiment design it would be better if the mice were put in the same room.
In conclusion, our study shows that chronic olanzapine treatment induced a significant increase in fasting glucose and insulin levels and insulin resistance without body weight gain. Chronic treatment of olanzapine significantly increased total SFAs and total n-6 PUFAs, while decreased total MUFAs. Olanzapine also significantly up-regulated D6 desaturase activity while down-regulated D5 desaturase activity. Our study also find that palmitic acid (C16:0), dihomo-γ-linolenic acid (C20:3n-6) and D6 desaturase were associated with an increase probability of IR, whereas nervonic acid (C24:1) and SCD1 were significantly associated with a lower IR probability. The present data provide further support for olanzapine-mediated perturbation of fatty acid profile in plasma as a molecular mechanism involved in antipsychoticassociated metabolic adverse effects. Further studies are needed to investigate genetic and other mechanisms to explain how plasma fatty acids regulate glucose metabolism and affect the risk of IR. 
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